The maintenance of follicle quality during the transportation of ovaries is essential for the successful cryopreservation and in vitro development of preantral follicles. The objective of this study was to evaluate the effect of cooling ovarian tissue on the conservation of zebu cow preantral follicles. Ovarian pieces were immersed in saline or coconut water (CW) solutions and maintained at 4 or 20 8C for 6, 12, or 18 h. Preantral follicles were evaluated by histology and transmission electron microscopy. Storage of ovarian pieces at 20 8C for 12 or 18 h significantly reduced the percentage of morphologically normal follicles compared to controls. In contrast, conservation at 4 8C for up to 18 h and at 20 8C for up to 6 h kept the percentage of normal follicles similar to controls. However, the type of solution that the ovaries were immersed in had little effect on the results. Decreased cellular metabolism probably accounted for better preservation of preantral follicles at 4 8C. In conclusion, zebu cow ovaries were successfully stored at 4 8C for up to 18 h with no morphological damage to preantral follicles. However, at 20 8C, ovaries could only be stored for 6 h. #
Introduction
In the last few years, the biotechnology involved in the manipulation of oocytes enclosed in preantral follicles has received much attention. The use of oocytes from preantral follicles in reproductive techniques may offer new ways of improving germplasm banks and propagating Theriogenology 61 (2004) [461] [462] [463] [464] [465] [466] [467] [468] [469] [470] [471] [472] valuable animal stocks and endangered species. However, especially in the case of farm and endangered animals, the ovarian donor is commonly far away from the laboratory. The preservation of preantral follicles during the transportation of ovaries is crucial to ensure follicular quality at the onset of cryopreservation or in vitro culture. Therefore, there is an obvious need to develop guidelines for optimum storage methods during transportation, and to determine the maximum interval between ovary collection and successful gene banking.
Some experiments have been conducted to evaluate the effects of storage temperatures and media on the quality of preantral follicles [1, 2] . In general, researchers found storage temperatures of 4 and 20 8C to be more suitable than 39 8C (body temperature) for the preservation of the normal morphology of sheep [3] and goat [1, 2, 4] preantral follicles in situ. Storage at 20 8C has proved suitable for the preservation of preantral follicles for up to 4 h [1, 4] and 4 8C was effective for 12 or 24 h of preservation [1, 2, 4] , depending on the storage media. Media tested for the preservation of preantral follicles in ovarian pieces include saline solution (SS) [2, 3] , Braun-Collins solution [1] , coconut water (CW) [1] [2] [3] , and M199 (with or without indole-3-acetic acid) [4] . However, all these studies were performed in small ruminant (sheep and goat) ovaries, and nothing is known about preserving preantral follicles in zebu cow ovaries.
The present study was conducted to evaluate the effect of preserving preantral follicles present in zebu cows ovaries in two different media, at different temperatures and storage intervals. The chosen temperatures (4 and 20 8C) were those that yielded the best results in previous studies [1] [2] [3] [4] , and the three storage times (6, 12 , and 18 h) were taken at regular intervals of 6 h.
Materials and methods

Experimental protocol
Four ovaries (from four different animals and without CL or dominant follicle) from zebu cows (Nelore) were collected at a local abattoir. Each ovary was divided into 13 pieces of similar cortex area. One ovarian piece from each ovary was chosen randomly. A small fragment from each of those pieces was removed for electron microscopy, and the remainder immediately fixed for histology (control). The other 12 pieces were randomly distributed into tubes containing 10 ml of stabilized CWor sterile SS and stored at 4 or 20 8C for 6, 12, or 18 h (Fig. 1) . CW was obtained from 6-month-old fruits of the Green Beach variety (Cocus nucifera). Its osmolarity and pH were stabilized by mixing two parts filtered CW, one part distilled water, and one part 5% sodium citrate solution (final osmolarity, 300 mOsm and pH 6.8) [5] . The composition of CW [6] is shown in Table 1 . The temperature was maintained with the use of thermos flasks and measured at the beginning of the experiment and every 6 h to the end of the treatments. Each treatment was replicated four times.
Histological analysis
To evaluate the morphology of the zebu preantral follicles, ovarian pieces were processed (at the end of the treatments) as follows. A small fragment of each ovarian piece was removed for electron microscopy. The remainder was fixed in Carnoy fixative for 4 h, dehydrated in ethanol, clarified with xylene, embedded in paraffin wax, and sectioned at 5 mm thickness. The sections were stained with Periodic Acid Schiff and hematoxylin (PAS staining system, Sigma Diagnostics, Inc., St. Louis, MO, USA), and examined under a Zeiss Axiophot light microscope (Oberkochen, Germany) at 200 and 400Â.
Preantral follicles were classified as primordial (one layer of flattened or flattenedcuboidal granulosa cells around the oocyte), primary (one layer of cuboidal granulosa cells around the oocyte) and secondary (two or more layers of cuboidal granulosa cells around the oocyte), according to their developmental stage [7] . Follicle quality was concurrently evaluated. Preantral follicles were classified according to their morphological appearance as morphologically normal (containing a healthy and intact oocyte, with a round nucleus and evident nucleolus, surrounded by well-organized granulosa cells without pycnotic nuclei), degenerate Type 1 (containing a somewhat shrunken oocyte with pycnotic nucleus, but normal granulosa cells) and degenerate Type 2 (containing a shrunken oocyte, disorganized granulosa cells and low cellular density). The percentages of each kind of follicle were calculated for each ovarian piece.
Ultrastructural analysis
To better evaluate follicular quality, an ultrastructural analysis was performed in preantral follicles from the control treatment, as well as from the treatments that did not differ from the control in the histological analysis (n ¼ 6 follicles per group). In brief, small pieces of ovarian cortex were fixed in 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M sodium cacodylate buffer pH 7.2, for 3 h at room temperature or overnight at 4 8C. After washing the ovarian pieces with sodium cacodylate buffer, they were postfixed in a solution containing 1% osmium tetroxide, 0.8% potassium ferricyanide, and 5 mM Source: Laguna and Nunes [6] .
calcium chloride in 0.1 M sodium cacodylate buffer. Subsequently, the samples were dehydrated in acetone and embedded in Spurr. Semi-thin sections (3 mm) were stained with Toluidine Blue. Thin sections (70 nm) were contrasted with uranyl acetate and lead citrate, and examined in a Jeol JEM 100C (Jeol, Tokyo, Japan) transmission electron microscope at 1000-10,000Â. Only follicles with normal morphology at semi-thin sections were evaluated for ultrastructural organization. All electron microscopy reagents were purchased from Electron Microscopy Sciences (Ft. Washington, PA, USA).
Statistical analysis
The effect of preservation solution, temperature, and incubation time on the percentage of normal follicles, as well as the interactions among them, was analyzed by ANOVA (2 Â 2 Â 3 factorial design). Fisher's PLSD post hoc test was used to make individual comparisons between each treatment and the control and among treatments. Analysis of variance and Fisher's PLSD test were also used to compare the percentage of degenerate Type 1 and Type 2 follicles within each treatment. The percentages of degenerated primordial, primary, and secondary follicles were compared by Chi-square. Analysis was performed using the StatView computer system for Windows (SAS Institute Inc., Cary, NC, USA). Percentages were subjected to arcsine transformation prior to analysis and data are presented as mean AE S:D. Differences were considered significant when P < 0:05.
Results
A total of 4901 preantral follicles (377 AE 114 per treatment, 129 AE 81 per ovarian piece) were analyzed. Follicles classified as morphologically normal, degenerate Type 1 and degenerate Type 2 are shown in Fig. 2a-c, respectively) .
In ovarian pieces stored at 4 8C for up to 18 h and at 20 8C for up to 6 h, in either solution, the percentage of morphologically normal preantral follicles (MNPF) was similar to controls (i.e. in vivo conditions). In contrast, the storage of ovarian pieces in either solution at 20 8C for 12 or 18 h significantly decreased the percentage of MNPF compared to control (Fig. 3) . Differences in the ability of the two solutions to maintain follicle integrity was only manifest at a temperature of 20 8C and storage time of 12 h. Under these conditions CW was better than SS, but both treatments were significantly worse than the control (Fig. 3) . At temperatures and storage times where the percentage of MNPF was similar to control, there was no significant difference between the two solutions.
Ultrastructural analysis confirmed the integrity of preantral follicles stored at 4 8C for up to 18 h (in either solution). Preantral follicles stored either in CW (Fig. 4b ) or in SS (Fig. 4c) at 4 8C for 18 h had very similar ultrastructure compared to the control (Fig. 4a) . Briefly, well-preserved follicles had a round oocyte tightly connected to the surrounding granulosa cells. Numerous round and elongated mitochondria, a few smooth endoplasmic reticulum cisternae and a variable number of vesicles were observed spreading in the cytoplasm of oocytes, which had a fine granulation. The nuclei of oocytes were large and usually round, well delimited by the nuclear envelopes, and one or two nucleoli could be identified in each nucleus. Granulosa cells had an irregular-shaped nucleus, with peripheral agglomerates of dense chromatin. A great number of rough endoplasmic reticulum cisternae, Golgi apparatus and mitochondria were present in the cytoplasm of granulosa cells. Follicles were always surrounded by a basement membrane.
Combined for all treatments, 18.4% (904/4901) of the analyzed follicles were degenerate, of which 4.6 (225/4901) and 13.8% (679/4901) were degenerate Type 1 and Type 2, respectively. Table 2 shows the mean (AES.D.) percentage of degenerate Type 1 and Type 2 follicles in each treatment. In general, the percentage of degenerate Type 1 follicles was higher than Type 2 in ovarian pieces preserved at 4 8C, while in ovarian pieces preserved at 20 8C, the percentage of degenerate Type 2 follicles was higher. In treatments that differed from the control in percentage of MNPF (i.e. CW and SS at 20 8C for 12 and 18 h), there was always a higher percentage of degenerate Type 2 follicles. A total of 3873 primordial (79.0%), 766 primary (15.6%), and 262 secondary (5.4%) follicles were analyzed. Of the total numbers of primordial, primary, and secondary follicles, 15.0 (583/3873), 32.4 (248/766), and 27.9% (73/262), respectively, were degenerate. Primordial follicles were less susceptible (P < 0:05) to degeneration than primary follicles, although no other significant differences were detected in the incidence of degeneration among follicular classes. 
Discussion
This is the first report that zebu cow preantral follicles can be successfully stored in ovarian pieces at low temperatures. The percentage of MNPF in ovarian pieces stored at 4 8C for up to 18 h was over 90% (range 91-98%) and similar to the control. On the other hand, when stored at 20 8C, zebu preantral follicles only preserved their morphologically normal appearance for up to 6 h. The longer duration of successful preservation at 4 8C may be due to lower cellular metabolism at the lower temperature.
Goat preantral follicles were preserved in ovarian pieces stored at 4 8C for up to 12 h in SS [2] , up to 24 h in CW solution [1] , and at 20 8C for up to 4 h in either solution [1, 2] . These results were consistent with those of the present study. On the other hand, one study performed with sheep ovaries had different results, with good preservation of preantral follicles at 20 8C for up to 12 h in CW solution [3] . Perhaps sheep preantral follicles are more resistant to storage at 20 8C than cow follicles. However, in the previous study, only histology was used to evaluate the morphological appearance of cells and tissues, and early signs of degeneration may have not been detected. Therefore, the use of a more sensitive method is recommended. Transmission electron microscopy was previously used to assess early degenerative changes on the structure and distribution of cellular organelles [1, 2] . In these studies, some follicles classified as morphologically normal during histological evaluation were degenerate when assessed by transmission electron microscopy. The principal alterations observed in these degenerating follicles were a great number of vacuoles in the ooplasm, sometimes associated with rupture of the nuclear envelope, and low cytoplasm density in granulosa cells [1, 2] . In the present study, follicles from the treatments with the best results (e.g. storage at 4 8C for 18 h in both solutions) were reevaluated by transmission electron microscopy and no signs of degeneration were observed in oocytes or granulosa cells.
The effect of storing ovaries at reduced temperatures has also been investigated in cattle, with particular attention to oocytes aspired from antral follicles [8, 9] . In those studies, storage of ovaries at low temperatures (4-21 8C) [8, 9] did not affect the percentage of morulae and blastocysts after in vitro maturation and fertilization of oocytes. However, the effectiveness of cold storage depended on the developmental stage of the oocytes. In vitromatured bovine oocytes cooled at 20, 10, or 0 8C had lower fertilization, cleavage, and embryonic development rates than those maintained at 39 8C [10] . Similarly, Aman and Parks [11] showed that in vitro-matured bovine oocytes were extensively damaged during storage at 4 8C. This damage was specially observed at the metaphase plate, with microtubule depolymerization and chromosomal dispersion [11] , and was also reported to occur with human oocytes [12] . Immature oocytes enclosed in preantral follicles may be less susceptible to damage caused by low temperature storage, as observed in this study, because most of its microtubular system is still unorganized, and its chromatin is uncondensed and protected by the nuclear envelope [13] .
In the present study, the use of either a rich (coconut water) or simple solution (saline) had no significant effect on the percentage of normal follicles. These results suggested that temperature is the most important factor for the preservation of preantral follicles in ovarian pieces. Little effect of the media used was also reported when goat preantral follicles were stored at low temperatures in different solutions [1, 2, 4] . A richer solution might not be able to improve follicular viability in this case, because the subnormal temperature and anaerobic conditions were not ideal for cellular metabolism, even if there were nutrients available.
Histological analysis of preantral follicles in the control ovaries (as well as in those treatments that did not differ from the control, i.e. 4 8C for up to 18 h and 20 8C for up to 6 h), displayed changes in the oocyte that were the first degenerative signs observed (degeneration Type 1). Similar results were also observed in sheep [3] and goat [1, 2] preantral follicles stored at 4 8C, and in fresh ovine [14] , caprine [15] , and bovine [16] ovaries, suggesting that this type of degeneration is commonly observed in ruminant preantral follicles. In contrast, when zebu ovaries were stored at 20 8C for 12 or 18 h, degeneration of granulosa cells (Type 2) was frequently observed, suggesting that this kind of degeneration was caused by storage. In these treatments, granulosa cells were disorganized and lost their contact with the oocyte. Similar findings were also reported in ovarian follicles undergoing natural [17] or induced [18] atresia. Moreover, degeneration and detachment of granulosa cells during atresia are related to apoptosis, and according to Hughes and Gorospe [19] , DNA cleavage begins before any morphological signs of cellular death. It is well known that contact between granulosa cells and oocyte is essential for the growth of the oocyte; the granulosa cells contribute to the oocyte's metabolic processes [20] . In a morphological and functional study of mouse preantral follicles, Cortvrindt et al. [21] stated that follicles with a complete disconnection between oocyte and granulosa cells suffered irreversible damage. Morphological assessment of follicular integrity has been largely used to evaluate the effectiveness of the various treatments to which ovarian follicles were subjected [1] [2] [3] 15, 16, 21] . Although it does not replace functional tests (e.g. in vitro culture), the detection of morphological alterations is good evidence of cellular damage.
In general, primordial follicles were less susceptible to degeneration than primary follicles when stored at low temperatures. Primordial follicles are quiescent, whereas primary follicles are already activated and in early growth. Although the mechanisms of primordial follicle activation are yet undefined, it is well known that oocyte and granulosa cells from primary follicles undergo fast and substantial transformations, such as granulosa cell proliferation and change in shape, oocyte growth and proliferation of cytoplasmic organelles in both cell types [22] [23] [24] . Cells undergoing such transformations may be more sensitive to environmental factors, and thus degenerate under conditions of reduced temperature.
In conclusion, preantral follicles from zebu cows could be successfully stored in ovarian pieces at 4 8C for up to 18 h and at 20 8C for up to 6 h, either in CW or SS. The storage of ovaries in these conditions during transportation may be very useful for optimizing the use of oocytes enclosed in preantral follicles.
